Effective execution of apoptosis requires the activation of caspases. However, in many cases, broad-range caspase inhibitors such as Z-VAD.fmk do not inhibit cell death because death signaling continues via basal caspase activities or caspase-independent processes. Although death mediators acting under caspase-inhibiting conditions have been identified, it remains unknown whether they trigger a physiologically relevant cell death that shows typical signs of apoptosis, including phosphatidylserine (PS) exposure and the removal of apoptotic cells by phagocytosis. Here we show that cells treated with ER stress drugs or deprived of IL-3 still show hallmarks of apoptosis such as cell shrinkage, membrane blebbing, mitochondrial release of cytochrome c, PS exposure and phagocytosis in the presence of Z-VAD.fmk. Cotreatment of the stressed cells with Z-VAD.fmk and the serine protease inhibitor Pefabloc (AEBSF) inhibited all these events, indicating that serine proteases mediated the apoptosis-like cell death and phagocytosis under these conditions. The serine proteases were found to act upstream of an increase in mitochondrial membrane permeability as opposed to the serine protease Omi/HtrA2 which is released from mitochondria at a later stage. Thus, despite caspase inhibition or basal caspase activities, cells can still be phagocytosed and killed in an apoptosis-like fashion by a serine protease-mediated mechanism that damages the mitochondrial membrane.
Introduction
Apoptosis is defined by morphological criteria. Cells shrink, bleb on the surface, discretely cleave their DNA and are phagocytosed by macrophages without provoking inflammatory reactions. 1, 2 Key players involved in apoptosis are the eight cysteine aspartyl proteases caspase-2, -3, -6, -7, -8, -9, -10, -12, which form proteolytic cascades of initiator and effector enzymes to dismantle the cell. 3 Two signaling pathways have been described. The first is an extrinsic pathway in which death ligands such as TNFa or CD95L recruit, via the adapter molecule FADD, cytoplasmic monomeric initiator caspase-8 to their surface receptors. 4 This provokes dimerization and activation of caspase-8. 5, 6 Active caspase-8 cleaves and activates the effector caspase-3, which then triggers the appearance of the apoptotic morphology, particularly DNA/nuclear fragmentation. 4 The second pathway is launched intrinsically, for example by the removal of cytokines or by agents that stress the endoplasmic reticulum (ER). Here, the so-called BH3-only proteins are activated in the cytosol, which then interact with multi-BHdomain Bcl-2 family members on organelles and, by yet unknown mechanisms, cause a permeabilization of the outer mitochondrial membrane. 7 Consequently, cytochrome c is released into the cytosol, where it forms a complex with the adapter molecule Apaf-1 and the initiator caspase-9 to activate the effector caspase-3.
are still activated, perforate the mitochondrial membrane and release proapoptotic proteins such as the apoptosis-inducing factor (AIF), endonuclease G or HtrA2/Omi in a caspaseindependent manner. 8, 12 Although a recent report has implicated caspase-2 upstream of mitochondrial in DNA damage-induced apoptosis, 13 most studies showed that the initial perforation of the mitochondria outer membrane leading to the release of cytochrome c is a caspase-independent process. 14, 15 It is therefore crucial to determine the molecules that govern caspase-independent processes upstream and downstream of mitochondria.
To study caspase-independent death signaling, all caspases need to be inhibited. The tripeptide Z-VAD.fmk is an effective pan-caspase inhibitor. 16 It optimally inhibits caspase activity due to the lack of a caspase-specific amino acid at the P4 position. It fits into the catalytic pocket of all caspases and inhibits them by crosslinking the fluoromethylketone (fmk) 18 group to the cysteine in the active site. 17 Garcia-Calvo et al. reported that Z-VAD.fmk inhibits all caspases in vitro, although with different second-order inactivation rates (k) (2.9 Â 10 2 -2.8 Â 10 5 M À1 s
À1
). Although Z-VAD.fmk is widely used as a standard reagent to define 'caspase-independent cell death', 14, 15, 19 it is still debated whether it is cell permeable and inhibits all caspases within the cell. 17 Thus, studies demonstrating the intracellular efficacy of Z-VAD.fmk are required. Unfortunately, other caspase inhibitors such as the baculovirus p35 protein and the inhibitor of apoptosis proteins (IAPs) cannot be used as they only inhibit a subset of caspases. 20, 21 Under certain circumstances, Z-VAD.fmk blocks apoptosis. For example, neurons and heart muscle cells are protected from cell death induced by ischemia-reperfusion in animal models. 22, 23 However, in many cases, Z-VAD.fmk cannot rescue cells from dying, 19 and the question remains as to how such Z-VAD.fmk-resistant cell death are regulated. An initial study demonstrated that dying cells display an apoptotic morphology, excluding DNA/nuclear fragmentation. 24 As intracellular caspase activities were not measured after Z-VAD.fmk application, it has remained unsolved whether the apoptosis-like cell death is strictly caspase-independent or proceeds through low, basal caspase activities.
In this study, we show that Z-VAD.fmk effectively penetrates cells, interacts with the active site of caspase-3 and blocks the stimulus-provoked activation and proteolytic processing of death-associated caspases inside cells. Moreover, we confirm that cell death in the presence of Z-VAD.fmk exhibits features of apoptosis, including phagocytosis. Finally, we demonstrate that this Z-VAD.fmk-resistant, apoptosis-like cell death is caused by a serine protease-mediated perforation of the mitochondrial membrane.
Results
Apoptotic cell death in the presence of Z-VAD.fmk
To study cell death under caspase-inhibiting conditions, we induced apoptosis using drugs that stress the ER such as brefeldin A (BFA), tunicamycin and thapsigargin. These drugs were combined with cycloheximide (CHX) to prevent the induction of an ER stress response that protects the cells from the toxic overload of misfolded protein. 25 In addition, we analyzed the physiological death of FDC-P1 monocytes deprived of IL-3. When R6 fibroblasts (Figure 1a ,b) or HeLa cells (suppl. Figure a , b) were treated with tunicamycin/CHX or BFA/CHX for 48 or 24 h, respectively, only 10-40% of the cells remained attached to the cell culture plate. This was also the case when the cells were pre-and cotreated with 100 mM Z-VAD.fmk, indicating that the caspase inhibitor was unable to prevent detachment. Replacing the media did not allow those cells still attached to grow, suggesting that they were committed to die despite treatment with Z-VAD.fmk (data not shown). By contrast, overexpression of Bcl-2 blocked the detachment of R6 cells induced by ER stress (Figure 1a,b) , and these cells could form colonies after drug removal (data not shown). Thus, Bcl-2 is more efficient at protecting cells from ER stress-induced apoptosis than Z-VAD.fmk. To define the type of cell death in the presence of Z-VAD.fmk, we investigated its morphology and biochemistry. Healthy R6 (Figure 2a ) and HeLa cells (suppl. Figure c) contained intact nuclei, and cytochrome c was retained within mitochondria. Upon exposure to thapsigargin/CHX or BFA/CHX, the cells shrank and exhibited fragmented nuclei and a diffuse, cytoplasmic staining of cytochrome c. A hallmark of apoptotic cells is the surface exposure of phosphatidylserine (PS), which can be detected by GFP-labeled annexin-V. 2 Apoptotic cells should however not stain with propidium iodide (PI) because this reagent only penetrates cells with perforated plasma membranes (necrotic cells). We therefore labeled R6 cells treated with BFA/CHX for 24 h with GFP-annexin-V-and PI, and quantitated apoptotic (annexin-V-positive/PI-negative) and necrotic (annexin-V-positive/PI-positive) cells by FACS analyses. Typical results from nine independent experiments are shown (Figure 2b ). Of the 62.3% dying cells (inset, total GFP-annexin-V-positives), 45.9% were apoptotic (lower right quadrant) while 16.3% were necrotic (upper right quadrant). Time course analysis revealed that the necrotic cells first passed through an apoptotic, annexin-V-positive/PInegative state and therefore most likely represented late apoptotic (secondary necrotic) cells (data not shown). Microscopic analysis confirmed that ER-stressed R6 ( Figure 2a ) and HeLa cells (suppl. Figure c) with fragmented nuclei exhibited GFP-annexin-V surface staining in the absence of any PI uptake. Strikingly, this was also the case when Z-VAD.fmk was included during the ER stress period (Figure 2a and suppl. Figure c) . Similar numbers of R6 cells were found to be apoptotic (45.7%) and necrotic (22.9%) by FACS analysis (representative of nine experiments), indicating that Z-VAD.fmk neither inhibited apoptosis nor increased secondary necrosis. Indeed, in the presence of Z-VAD.fmk, ER-stressed R6 (Figure 2a ) and HeLa cells (suppl. Figure a,c) still rounded up and showed cytochrome c release. Moreover, these cells exhibited an extensive cell surface blebbing. The only apoptotic feature inhibited by Z-VAD.fmk was nuclear fragmentation; instead the nuclei were deformed and partially condensed. By contrast, when R6 cells stably expressing high levels of Bcl-2 were ER stressed for 24 h, nuclei remained intact, cytochrome c was retained in mitochondria ( Figure 2a ) and only 2.1 and 2.4% of the cells (representative of nine experiments) displayed apoptotic and necrotic features, as determined by GFP-annexin-V/PI FACS analysis, respectively (Figure 2b) .
In FDC-P1 cells deprived of IL-3 for 24 h, the effect of Z-VAD.fmk was slightly different (Figure 2c,d) . As in ERstressed R6 cells, the inhibitor did not drastically affect the number of apoptotic cells (Figure 2d , lower right quadrants, 10.5 versus 10.8%), but diminished the number of secondary necrotic cells (Figure 2d , upper right quadrants, 17.5 versus 4.3%). This decrease was statistically significant when data from six independent experiments were analyzed (Figure 2e , 33.9 versus 20.3%, Po0.05). We do not know the reason for the effect of Z-VAD.fmk in this cellular system, but suspect that apoptotic cells may have lost the GFP-annexin-V signal during the progression to secondary necrotic cells. Nevertheless, our results indicate that in both apoptotic systems, IL-3 removal and ER stress, cytochrome c is still released and cells still die in an apoptosis-like manner when caspases are inhibited by Z-VAD.fmk. Bcl-2 overexpression in R6 cells effectively blocks these responses, indicating that this survival factor can interfere with caspase-independent death signaling upstream or at the level of mitochondria.
Apoptotic cells are phagocytosed in the presence of Z-VAD.fmk
As PS exposure is one of several signals crucial for the recognition and uptake of apoptotic cells by phagocytes, 2 we wanted to know whether cells dying under caspase-inhibiting conditions are still effectively phagocytosed. We labeled equal numbers of R6 or FDC-P1 cells, either healthy or exposed to BFA/CHX for 16 h or depleted of IL-3 for 6 h, respectively, with the lipophilic red-fluorescent dye TAMRA. These cells were fed to similar numbers of differentiated U937 macrophages for 2 h. The phagocytes were then stained with macrophage-specific, FITC-labeled anti-CD13 surface marker. Since this marker also labeled the phagosomal membrane of the macrophages, we could discriminate apoptotic cells that were phagocytosed from those that adhered to the outside of macrophages. As shown in Figure 3b ,c, red-labeled healthy cells (untreated or þ IL-3) were not taken up by macrophages. Some cells adhered to the cell culture plate or to the macrophage cell surface, but most of these cells were washed off after the feeding period. By contrast, in six independent experiments, we counted on the average 150 red-labeled, BFA/CHX-stressed apoptotic R6 cells per 20 microscopic fields which resisted the washing process and were taken up by macrophages (taken as 100%) ( Figure  3b,c) . Similarly, we observed the phagocytic uptake of IL-3-deprived FDC-P1 cells ( Figure 3b) . As shown at high magnification in Figure 3a , the apoptotic cells were found within the green-encircled vacuoles of the macrophages. Strikingly, when ER-stressed or IL-3-deprived cells were preand cotreated with Z-VAD.fmk, they were still engulfed by macrophages indicating that caspase inhibition did not prevent phagocytosis (Figure 3) . Quantitation of phagocytosis revealed that 82729% of the BFA/CHX-stressed R6 cells continued to be phagocytosed in the presence of Z-VAD.fmk (Figure 3c ). By contrast, no phagocytosis was observed with ER-stressed cells overexpressing Bcl-2 (data not shown).
Anti-CD95-induced apoptosis and phagocytosis are blocked by Z-VAD.fmk
To determine whether Z-VAD.fmk at the concentrations used was functioning as a pan-caspase inhibitor inside cells, we searched for an inducer of apoptosis that was entirely blocked by Z-VAD.fmk in the same cell types. Z-VAD.fmk treatment of HeLa and JILY B lymphoblasts exposed to anti-CD95 antibody were found to satisfy this criterion. After 7 h of treatment, about 70% of HeLa cells detached and showed cytochrome c release and nuclear fragmentation ( Figure  4a,b) . FACS analysis of the GFP-annexin-V/PI-labeled JILY cells revealed that out of 35.1% dying cells, 31.9% displayed an apoptotic and 2.8% a necrotic phenotype (representative of three independent experiments) ( Figure 4c) . Moreover, the JILY cells were taken up by macrophages in the phagocytosis assay ( Figure 4a ). All these events were fully blocked by a preand cotreatment with Z-VAD.fmk. Only 0.9% of cells were apoptotic and 2.6% necrotic (Figure 4c ). The rest remained attached, displayed intact nuclei, retained cytochrome c within mitochondria and were not engulfed by macrophages ( Figure  4a,b) . This indicates that Z-VAD.fmk effectively penetrates the plasma membrane of HeLa and JILY cells at the concentrations used here, and inhibits caspases inside the cells. However, it only prevents apoptosis if the signaling pathway is caspase-dependent (anti-CD95), but not if a caspase-independent pathway is stimulated in parallel (ER stress agents or IL-3 removal).
Z-VAD.fmk blocks all apoptosis-associated caspases in cells
To determine the effectiveness of Z-VAD.fmk to inhibit caspases in cells, we measured the activities of all apoptosis-associated caspases in cellular extracts from apoptotic and Z-VAD.fmk-treated cells using fluorogenic substrates. To avoid that Z-VAD.fmk inhibited the caspases after cell disruption, the cells were washed before lyses. The apoptosis-associated caspase-2, -3, -6, -7 and -9 were assayed in extracts of ER-stressed R6 cells. Caspase-8-and 10 were measured in extracts of anti-CD95-treated HeLa or JILY B lymphoblasts, because these caspases were not significantly activated in ER-stressed R6 or IL-3-deprived FDC-P1 cells (data not shown). The activity of caspase-14 was determined using the caspase-3 substrate, but it is unclear whether this caspase plays any role in apoptosis regulation. 26 The activities of caspase-1, -4, -5, -11 (the murine homologue of caspase-4 and -5) and -13 (the bovine homologue of caspase-4) are not shown, because they are primarily involved in inflammatory reactions 3, 17, 27 and could not be activated with the herein used apoptotic stimuli (data not shown). As depicted in Figure 5a , caspase-3, -7 and -2 were markedly activated in extracts of apoptotic cells, whereas caspase-6, -8, -9 and -10 showed a somewhat lesser degree of activation, consistent with their role as initiator caspases. The latter caspases also had high basal activities in healthy cells that may be due to the promiscuity of the substrates for noncaspase proteases. However, when 100 mM Z-VAD.fmk was included before and during the apoptotic stress, all caspase activities dropped below basal levels, indicating that the caspase inhibitor effectively blocked the death stimulusprovoked activation of caspases ( Figure 5a ). We confirmed the effectiveness of Z-VAD.fmk by Western blot analysis of caspase-2, -3, -7, -8, -9 and -12. This was important for the following reasons. Firstly, caspase-2 was reported to be 20-1000 times less sensitive to inhibition by Z-VAD.fmk than other caspases, 18 and its pentapeptide fluorogenic substrate (VDVAD-AMC) could also be cleaved by caspase-3 and -7. Secondly, no fluorogenic substrate has yet been identified for caspase-12. Thirdly, it has recently been reported that initiator caspases are already activated by dimerization of the proforms. 5, 6 It might therefore be difficult to determine the inhibitory effect of Z-VAD.fmk under these conditions. However, since caspase processing eventually occurs as a consequence of its activation, 5, 6 we can study the efficiency of Z-VAD.fmk to inhibit the autocatalytic activity of a particular initiator caspase. As shown in Figure 5b , Z-VAD.fmk prevented the processing of p51 procaspase-2 to the p19 form in anti-CD95-treated JILY cells. Similarly, the inhibitor retained the p60 procaspase-12 in ER-stressed R6 cells and interfered with the processing of caspase-3, -7, -8 and -9 to their p17/p20, p19, p18 and p37 fragments in anti-CD95-treated JILY or HeLa cells, respectively (Figure 5b ). Taken together, these data show that Z-VAD.fmk effectively inhibited the autocatalytic activity and the stimulus-induced cleavage of fluorogenic substrates of all apoptosis-associated caspases.
Z-VAD.fmk is covalently bound to caspase-3 in cells
If Z-VAD.fmk acted inside cells, it should covalently bind to the catalytic site of caspases after its cellular uptake. In contrast to procaspase-2 to a p19 fragment, p32 procaspase-3 to p20 and p17 fragments, p35 procaspase-7 to a p19 fragment and p57 procaspase-8 to a p18 fragment in the cytosols of anti-CD95-treated JILY cells for 3 h. Western blots showing the Z-VAD.fmk inhibitable, proteolytic processing of p48 procaspase-9 to a p37 fragment and p32 procaspase-3 to a p17 fragment in the cytosol of anti-CD95-treated HeLa cells (7 h ) and of p60 procaspase-12 in the total membrane fraction of tunicamycin/CHX or thapsigargin/CHX-treated R6 cells (24 h ). The anticaspase-12 antibody does not recognize a processed fragment such that only the disappearance of the pro-form can be taken as a measure for processing. Equal amounts of proteins were loaded for the immunoblots analyses as evidenced by amido black staining. Data not shown initiator caspases, the pro-forms of the effector caspase-7 and -3 are already present as dimers in an inactive form and require for their activation the proteolytic processing by an initiator caspase. 6, 28 Caspase-3 exists as an inactive p32 proform in untreated R6 cytosols (Figure 6a) . In response to BFA/ CHX, tunicamycin/CHX or thapsigargin/CHX, p32 was cleaved into an active p17 fragment (100% activity). As shown in Figure 5b , such a cleavage of caspase-3 is inhibited by Z-VAD.fmk in cells that undergo apoptosis in a strictly caspase-dependent manner (anti-CD95, see Figure 4 ). By contrast, when ER-stressed R6 cells were treated with Z-VAD.fmk, a caspase-3 fragment with a molecular mass slightly higher than p17 (p17 þ Z) was still formed, despite the fact that this fragment was only 1.4-6.4% active (Figure 6a ). This finding was not restricted to ER-stressed R6 cells. In mouse FDC-P1 cells, caspase-3 was cleaved into active p20 and p17 proteins (100% activity) in response to BFA/CHX (left blot) or the removal of IL-3 (right blot) (Figure 6b ). These fragments persisted as inactive forms (2.5-2.8% activity) with slightly higher molecular masses in the presence of Z-VAD.fmk (p17 þ Z and p20 þ Z) (Figure 6b ). We assumed that the fragments were generated by caspaseunrelated proteases, and that the Z-VAD.fmk molecule was covalently bound to them. If this was the case, Z-D.dcb, a general caspase inhibitor with a lower molecular mass than Z-VAD.fmk, should yield a caspase-3 fragment between p17 and p17 þ Z. Such a fragment was indeed detected in the cytosol of R6 cells cotreated with BFA/CHX and Z-D.dcb (p17 þ ZD, Figure 6c) .
To obtain further evidence that the p17 þ Z caspase-3 fragment was p17 bound to Z-VAD.fmk, we incubated a BFA/ CHX-treated R6 cytosol with FITC-conjugated Z-VAD.fmk (FITC-VAD.fmk). By overlaying the fluorogram on an anticaspase-3 Western blot, we observed that FITC-VAD.fmk labeled a fragment of caspase-3 that had the same molecular mass as the p17 þ Z fragment from Z-VAD.fmk-treated cells (it was even slightly higher because of the additional molecular mass of FITC) (Figure 6d ). The fluorogenic signal was not detected in untreated cells or cells that had been previously treated with unlabeled Z-VAD.fmk (Figure 6d ). These data indicate that the caspase-3 fragment formed in ER-stressed/Z-VAD.fmk-treated R6 cells was in fact p17 (and p20 in mouse cells) covalently bound to Z-VAD.fmk.
ER-stressed and IL-3-deprived cells die by a serine protease-mediated mechanism in the presence of Z-VAD.fmk
The results so far suggested that noncaspase proteases might be active under some stress conditions and account for caspase-3 processing as well as cytochrome c release and apoptosis in the presence of Z-VAD.fmk. To identify such a protease, we pre-and cotreated ER-stressed R6 or IL-3-deprived FDC-P1 cells with Z-VAD.fmk and various cellpermeable inhibitors against calpains (Z-VF-CHO (MDL 28170), calpain inhibitor I and II), cathepsins (pepstatin, E64d (EST)) and serine proteases (TLCK, TPCK, PMSF, pefablog, antipain, Z-APF-cmk). While calpain and cathepsin inhibitors did not show any effect (data not shown), the irreversible serine protease inhibitor Pefabloc (AEBSF) prevented the formation of caspase-3 fragments and preserved the p32 procaspase-3 (Figure 6a-c) , although this was less pronounced in FDC-P1 cells deprived of IL-3 ( Figure 6b , right blot). Pefabloc alone was capable of interfering with p32 caspase-3 processing; but in contrast to the cotreatment with Z-VAD.fmk, the remaining p17/p20 fragments were not shifted and caspase-3 activity was not entirely blocked ( Figure  6a,b) . These data show that the processing of caspase-3 is under the control of both upstream caspases and serine proteases, but its activity is not directly inhibited by Pefabloc. TPCK, but not TLCK, could partially mimic the action of Pefabloc, indicating that the serine protease is probably a chymotrypsin-like enzyme (data not shown). To obtain further proof that a serine protease was responsible for the processing of caspase-3, we took advantage of FDC-P1 cells as these cells contain serine proteases in their secretory granules. These proteases are released upon cell lyses and, if not blocked by Pefabloc, would cleave caspases in the cytosol. Indeed, cell extracts from healthy FDC-P1 cells grown in IL-3 contained a protease activity that cleaved caspase-3 into a highly active p17 fragment (100% activity) (Figure 6e ). The processing of caspase-3 still occurred in the presence of Z-VAD.fmk or Z-D.dcb, but the respective fragments were inactive (2.8-5.5% activity) because they had the respective caspase inhibitor bound (p17 þ Z/ZD; p20 þ Z/ZD). In contrast, Pefabloc prevented caspase-3 processing in FDC-P1 cell extracts, suggesting a requirement for an endogenous serine protease upstream of caspase-3 processing (Figure 6e ). As shown above, Pefabloc did not directly inhibit caspase-3 (or other caspases) because it had no effect on fluorogenic caspase assays (data not shown).
Strikingly, serine proteases also contributed to the apoptotic phenotype in Z-VAD.fmk-treated, ER-stressed or IL-3-deprived cells. Pefabloc given at a dose of 300 mM to R6 fibroblasts (Figure 1a,b) or HeLa cells (suppl. Figure a, b) together with ER stress drugs and Z-VAD.fmk for 24 or 48 h increased the number of cells that remained attached to the culture plate from 10-40 to 50-95%. Moreover, Pefabloc/Z-VAD.fmk prevented all apoptotic features in response to ER stress that persisted when Z-VAD.fmk was used alone. The cells did not show membrane blebbing and nuclear deformations and had cytochrome c retained within mitochondria (Figure 2a and suppl. c) . Most impressively, the GFP-annexin-V surface staining of R6 cells dropped from 45.7 to 1.7% for apoptotic cells and from 22.9 to 1.7% for secondary necrotic cells (Figure 2b , representative of nine experiments) and very few GFP-annexin-V-positive R6 or HeLa cells were detected by fluorescence microscopy (Figure 2a and suppl. Figure c) . Pefabloc/Z-VAD.fmk also interfered with the PS exposure and nuclear condensation of cells deprived of IL-3 ( Figure 2c ). Statistical analysis of data from six independent experiments revealed that Pefabloc/Z-VAD.fmk significantly diminished GFP-annexin-V positivity as compared to Z-VAD.fmk alone (Figure 2d Figure 2b ) in response to ER stress, but consistent with retaining some caspase-3 activity (Figure 6b ), nuclear fragmentation and apoptosis were not entirely blocked under these conditions (Figure 2a) . In IL-3-deprived FDC-P1 cells, Pefabloc alone could not be used for the analysis of apoptosis as the inhibitor killed the cells at the doses used for ER stress-induced apoptosis. FDC-P1 cells contain a high level of serine proteases of which some may be crucial for cell survival. In summary, our data suggest the existence of a serine protease-mediated signaling pathway that provokes the permeabilization of mitochondria and induces apoptotic morphologies, including the surface expression of PS and the uptake of cells by phagocytosis even if caspases are inhibited by Z-VAD.fmk.
Discussion
In this study, we show that both ER stress agents and IL-3 removal trigger two apoptotic signaling pathways, one dependent on caspases and another that can also operate under caspase-inhibiting conditions. The latter pathway involves the activation of serine proteases that mediate outer mitochondrial membrane perforation and cytochrome c release and the cleavage of cellular substrates such as procaspase-3. Surprisingly, this serine protease-mediated cell death exhibited all the hallmarks of apoptosis, including PS exposure and phagocytosis, except nuclear fragmentation. Necrosis could be excluded because the plasma membrane remained intact. There was also no evidence for autophagic-like cell death 29 or paraptosis, 30 as the autophagic inhibitor 3-methyladenine did not affect cell death and no paraptosis-specific morphology was detected (data not shown). Recent studies in C. elegans have shown that cells with weak caspase activation are already phagocytosed before their DNA is fragmented. 31, 32 In addition, in some instances, PS exposure 33 and phagocytosis 34 were found to be insensitive to Z-VAD.fmk. Thus, our finding supports the notion that apoptosis is not a strictly caspase-dependent process but involves other cellular proteases that need to be inhibited in order to save the cells from apoptotic cell death.
A crucial aspect of our study was to validate that Z-VAD.fmk is a reliable inhibitor of apoptosis-associated caspases inside cells. Firstly, we found that the inhibitor effectively blocked anti-CD95-induced apoptosis of HeLa and JILY cells. In situations where this was not the case, such as in ER stress or IL-3 deprivation-induced apoptosis of R6, HeLa and FDC-P1 cells, respectively, Z-VAD.fmk covalently bound to the processed p17 and p20 fragments of caspase-3 and inhibited its activity within the cell. This indicated that Z-VAD.fmk readily penetrated cells and interacted with the catalytic center of caspase-3 in a stable manner. Secondly, Z-VAD.fmk blocked the cleavages of fluorogenic caspase substrates in extracts of cells exposed to ER stress or anti-CD95. Since some basal cleavage activities persisted, we could not exclude that they contributed to the apoptosis-like cell death observed under conditions of Z-VAD.fmk treatment. However, these low activities were also detected in healthy cells, suggesting that caspases may have apoptosis-unrelated functions or noncaspase proteases may crossreact with the fluorogenic substrates. Owing to this promiscuity, we additionally tested the capacity of Z-VAD.fmk to block the processing of caspases inside cells. Initiator caspases can be processed by autoproteolysis or cleavage by effector caspases (feed-forward activation). We indeed found that the processing of the initiator caspase-2, -8, -9 and -12 was blocked by Z-VAD.fmk. Moreover, the inhibitor blocked the processing of the effector caspase-3 and -7 in type I and type II anti-CD95-treated cells. As caspase-3 is a known substrate for caspase-8 in type I cells and for caspase-8 and -9 in type II cells, 4, 28 this finding implies that Z-VAD.fmk blocked caspase-8 and -9 irrespective of whether they were in their dimerized pro-forms or in the processed tetramer. Consistent with our data, Z-VAD.fmk was shown to fit into the catalytic pocket of the active procaspase-9 dimer, 35 and biotin-VAD.fmk could label and precipitate an active procaspase-8 dimer. 6 Thus, our data suggest that Z-VAD.fmk blocks apoptosis-associated caspases inside cells.
A recent report by Marsden et al. 36 questioned the existence of caspase-independent apoptotic signaling pathways because apoptosis could be fully blocked with the pancaspase inhibitor IDN1965, but not with Z-VAD.fmk. 36 It was proposed that a yet unknown Z-VAD.fmk-insensitive caspase acting aside or upstream of mitochondria was responsible for the death in the presence of Z-VAD.fmk. Unfortunately, we were unable to reproduce these data because the IDN-1965 inhibitor was not available. Moreover, in addition to caspases, IDN-1965 may inhibit other proteases, especially when used at high doses. We used the pan-caspase inhibitor benzyloxycarbonyl-Asp-dichlorobenzoyloxymethane (Z-D.dcb) as an alternative to Z-VAD.fmk. Z-D.dcb is similar to t-butyloxycarbonyl-Asp-fluoromethylketone (BAF), another widely used pan-caspase inhibitor. Like Z-VAD.fmk, Z-D.dcb readily crossed the plasma membrane and covalently interacted with the catalytic center of p20 or p17 caspase-3 (Figure 6c,e) , but while Z-VAD.fmk was well tolerated, Z-D.dcb was toxic on healthy cells (data not shown). As both Z-D.dcb and BAF contain a single Asp as the target amino acid, these two inhibitors may inhibit other (aspartyl) proteases that are crucial for cell viability.
A few proteins have been proposed to contribute to cell death under caspase-inhibiting (Z-VAD.fmk treating) conditions. 14, 19 TNFa seems to require the lysosomal proteases cathepsin D or B for efficient cell killing. 37, 38 Activated CD95 receptors can stimulate caspase-independent signaling via the protein kinase RIP. 39 However, this signaling provokes necrosis and was not seen in the cell systems used here. Other studies have shown that apoptosis depends on calpains, 40 which can cleave and activate caspase-12 in response to ER stress 41 and enhance the cytotoxic activity of Bax by N-terminal cleavage. 42 We were unable to block ER stress-or IL-3 deprivation-induced cell death with calpain inhibitors; caspase-12 processing was inhibited by Z-VAD.fmk (Figure 5b ) and MEFs from BaxÀ/À mice continued to die in the presence of Z-VAD.fmk (data not shown). Other potential mediators of caspase-independent cell death are the mitochondrial proteins AIF, an NADH oxidoreductase, endonuclease G, a mitochondrial DNA repair enzyme and HtrA2/Omi, a serine protease. 8, 12 In response to apoptotic stimuli, they are released from mitochondria and transfer death signals to the nucleus in a caspase-independent manner. The mechanism of action of these proteins, in particular Omi/HtrA2, is however distinct from the serine proteases described here.
Which might be the serine proteases that trigger mitochondrial damage in ER-stressed and IL-3-deprived cells? Previous reports have suggested the implication of serine proteases in apoptosis induced by TNF and UV, 43, 44 dexamethasone, 45 hypoxia reoxygenation, 46 DNA damage, 47 NGF deprivation 48 and the overexpression of s-Myc and cMyc. 49 Moreover, serine proteases were shown to play roles in the cleavage of chromatin into 50-300 kb pieces, 45 the activation of an endonuclease, 50 the processing of caspase-2 48 and caspase-3 44 and the cytochrome c-mediated activation of caspase-9. 46 However, these studies did not use serine protease inhibitors in conjunction with caspase inhibitors and could therefore not determine whether the serine proteases simply amplified the caspase-mediated responses or acted as true mediators of a physiologically relevant caspase-independent signaling pathway. Two serine proteases enriched in the granules of cytotoxic T and NK cells are known to impinge on the apoptotic machinery of the target cells. Granzyme B triggers increased mitochondrial membrane permeability, cytochrome c release and downstream caspase activation by cleaving the BH3-only Bcl-2 family member BID. 51, 52 In addition, granzyme B can directly process and activate caspase-3. 53, 54 Granzyme A, on the other hand, acts in a caspase-independent manner via a novel, yet unknown signaling pathway. 55, 56 Neutrophils contain in their granules another serine protease, cathepsin G, 57 which is active during DNA-damage-induced apoptosis 58 and can cleave and activate caspase-7 at both processing sites in vitro. 59 These findings lend support to our notion that serine proteases can mediate both mitochondrial membrane perforation and caspase-3 cleavage during apoptosis. However, the proteases in our study are distinct from granzymes A, B or cathepsin G, as they are not expressed in R6, HeLa or FDC-P1 cells. Moreover, we have not detected any BID cleavage in response to ER stress or IL-3 depletion, 25 suggesting that the mitochondrial damage in Z-VAD.fmktreated cells is not occurring via serine protease-mediated activation of BID.
In conclusion, we propose the following model of serine protease-mediated death signaling (Figure 7) . In response to ER stress, a serine protease is activated and acts on two pathways, one that leads to the perforation of the mitochondrial membrane and the subsequent release of cytochrome c and activation of caspase-9 and -3 (pathway 1), and one that processes and activates caspase-3 independent of mitochondria (pathway 2) (Figure 7 ). In addition, caspase-3 can be activated from the ER by the direct action of an apical caspase without the implication of a serine protease (pathway 3). This model explains why Z-VAD.fmk-bound caspase-3 is still processed in a serine protease-dependent manner and that Pefabloc alone blocks cytochrome c, but cannot entirely block caspase-3 processing and activation. Similar death-signaling pathways appear to operate during apoptosis induced by IL-3 removal (pathways 1-4, Figure 7 ). Unfortunately, it was difficult to interpret the data obtained from Pefabloc alone treatments in this cell system, because Pefabloc blocks all serine proteases including those that might be crucial for the survival of the FDC-P1 monocytes. We do not yet know how the serine proteases evoke mitochondrial membrane perforation to release cytochrome c. ER stress-induced apoptosis was shown to depend on the proapoptotic Bcl-2 family members Bax or Bak, 60 which are known triggers of mitochondrial perforation. 61 Since these proteins somehow require BH3-only proteins for their activation, 7 it is possible that serine proteases cleave and/or activate a yet unknown BH3-only protein (distinct from BID), which then migrates to mitochondria and stimulates Bax/Bak activation in a caspaseindependent manner (Figure 7 ). Bcl-2 can sequester activated BH3-only and/or Bax/Bak proteins 7 and therefore block cytochrome c release. In addition, Bcl-2 resides on the ER 62 and effectively protects cells from ER stress-induced apoptosis from this site. 25 This explains why Bcl-2 interferes with mitochondria membrane perforation, caspase-3 processing, apoptotic morphology and phagocytosis as efficiently as the combined treatment with Pefabloc and Z-VAD.fmk ( Figure 7) . Thus, we propose that Bcl-2 does not only interfere with caspase-dependent pathways as has recently been claimed by Marsden et al, 36 but may also effectively inhibit caspaseindependent, serine protease-mediated death signaling ( Figure 7) .
We conclude from our study that serine proteases play a crucial role in apoptosis induced by ER stress and IL-3 deprivation. This especially accounts when caspases are inhibited by Z-VAD.fmk and implies that apoptosis may only be effectively blocked when cells are cotreated with caspase inhibitors and inhibitors against other proteases. As many degenerative diseases are caused by apoptosis due to stressing agents or deprivation of neurotrophins or cytokines, it will be important to know whether these deaths involve serine protease-dependent signaling steps and whether a combined treatment with caspase and serine protease inhibitors would save more cells than caspase inhibitors alone.
Materials and Methods

Cells and drug treatments
Rat 6 embryo fibroblasts (R6) and human epitheloid cervical carcinoma cells (HeLa) were cultured in DMEM þ 5% FCS and human U937 monocytes and JILY B lymphoblasts in RPMI þ 10% FCS. The mouse monocytic FDC-P1 was obtained from K Ballmer and J Muser and cultured in RPMI þ 10% FCS supplemented with IL-3 from the WEHI-2B (ATCC) producer cell line. R6 cells overexpressing mouse Bcl-2 (R6-Bcl-2) were grown like parental R6 cells, except that 200 mg/ml hygromycin was added to the culture medium. Suspension and monolayer adherent cells were preincubated for 30 min with 100 mM benzyloxycarbonyl-Val-Ala-Asp.fluoromethylketone (Z-VAD.fmk; Bachem) or 50 mM benzyloxycarbonyl-Asp.dichlorobenzoyloxymethane (Z-D-dcb; Bachem) in the presence or absence of 300 mM Pefabloc (AEBSF; Roche Diagnostics), calpain inhibitor I or II (Alexis), benzyloxycarbonyl-Val-Phe-aldehyde (Z-VF-CHO or MDL28170, Marion Merrell Dow), pepstatin, E-64-d (EST), N-tosyl-L-phenylalanine-chloromethylketone (TPCK), N-alpha-p-tosyl-L-lysinechloromethyl ketone (TLCK) (all Sigma), phenylmethylsulfonylfluoride (PMSF, Roche Diagnostics), benzyloxycarbonyl-Ala-Pro-Phe-chloromethylketone (Z-APF-cmk, Bachem) before adding 5 mg/ml BFA/10 mg/ml CHX, 5-10 mg/ml tunicamycin/CHX, 300 nM thapsigargin/CHX or 100 ng/ml anti-CD95 plus 100 ng/ml protein A (Amersham) (anti-APO1, IgG3, from P Krammer) with an additional dose of each protease inhibitor.
Preparation of cytosol and total membranes
Stressed or nonstressed monolayer cells were scraped from 100 mm plates, washed in PBS and lysed by 3-4 cycles of freeze-thawing in homogenization buffer (25 mM HEPES, pH 7.4, 2 mM EGTA, 2 mM MgCl 2 , 2 mM DTT, 100 mM PMSF, 10 mg/ml leupeptin, 400 ng/ml pepstatin, 10 mg/ml aprotinin, 5 mg/ml cytochalasin B). The homogenate was centrifuged at 100 000 Â g and the supernatant was used for caspase assays and Western blotting. For membrane-bound proteins, the pellet was solubilized in 1% SDS and subjected to Western blot analysis. To obtain the cytosol from suspension cells, 10 7 cells were spun at 200 Â g, resuspended in 2-3 ml of culture medium, treated with apoptotic stimuli and then washed, lysed and centrifuged as the adherent cells.
SDS-PAGE and Western blotting
Equal amounts of protein were run on 15% SDS-PAGE, transferred to PVDF (BDH) and immunodetected by anticaspase-3 (from D Nicholson), 25 anticaspase-2 (from L O'Reilly and A Strasser), 63 anticaspase-12 (AlexisCProSci), anticaspase-7 (Stressgen), anticaspase-8 (mAb C15 IgG2b, from P Krammer) or anticaspase-9 (Zymed) primary antibodies followed by peroxidase-coupled secondary antibodies (Sigma). Proteins were visualized by enhanced chemiluminescence (ECL) (PIERCE).
Fluorogenic caspase assays
Cytosol (10 ml (50 mg)) was mixed with 90 ml of assay buffer (100 mM HEPES, pH 7.5, 2 mM DTT). The respective fluorogenic substrate (1 ml; 60 mM) was added and the fluorescence was measured at 301C for 30 min in a Microplate Spectra Max Gemini XS reader (Molecular Devices) at 380/ 460 nm for AMC substrates and at 400/505 for AFC substrates. The following substrates were used (all from Alexis): DEVD-AMC (7-amino-4-methylcoumarin) for caspase-3 and -7; VDVAD-AMC for caspase-2; VEID-AMC for caspase-6; IETD-AMC for caspase-8; LEHD-AMC for caspase-9 and AEVD-AFC (7-amino-4-trifluoromethylcoumarin) for caspase-10. Some of these substrates may also be crossreactive with noncaspase proteases.
FITC-VAD.fmk binding assay
Cytosols from stressed cells treated with or without Z-VAD.fmk were incubated with 25 mM FITC-VAD.fmk (Promega) at 371C for 1 h, and then subjected to 15% SDS-PAGE. The gel was exposed to fluorography under the UV and then blotted to PVDF and subjected to anticaspase-3 ECL immunodetection. Protein bands from the fluorograph and the autoradiograph were aligned to see which caspase band had FITC-VAD.fmk covalently bound.
Generation of His GFP-annexin-V and purification
His GFP-annexin-V was generated by subcloning the GFP-annexin-V cDNA (from J Ernst) 64 in-frame into the XhoI/BamH1 sites of pET15b (Novagen). The construct was transfected into BL21(DE3) bacteria and its expression induced with 1 mM IPTG at 251C overnight. The protein was extracted using the BugBuster (Novagen) protein extraction kit and purified by a His-Bind Purification kit (Novagen), as provided by the manufacturer. Immunofluorescence and His GFP-annexin-V -and PI-staining After growing to confluence on 12 mm glass coverslips, the stressed and nonstressed cells were directly fixed in 4% paraformaldehyde (PFA) without prior washing (to minimize loss of detached cells) and then permeabilized with 0.05% saponin and acetone at À201C. The cells were rinsed to remove the fixative and incubated with anticytochrome c (BD Pharmingen) primary antibodies followed by secondary Texas-Redconjugated goat anti-mouse antibodies (Jackson Laboratories) and then postfixed in 4% PFA containing 2 mg/ml of the Hoechst 33342 stain (Molecular Probes). The coverslips were viewed under an Axiovert fluorescence microscope (Zeiss) and pictures taken with a Contax 167 MT camera at magnifications of Â 400 or Â 1000. To measure surfaceexposed PS and plasma membrane integrity, the cells were treated with 3 mg/ml His GFP-annexin-V and 2.5 mg/ml propidium iodide (PI, Sigma) in annexin-V binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl 2 ) prior to fixation.
FACS analysis
R6 cells were treated with ER stress drugs for 24 h, JILY cells were treated with anti-CD95 for 3 h and FDC-P1 cells were deprived of IL-3 for 24 h in the absence or presence of 100 mM Z-VAD.fmk and 300 mM Pefabloc (600 mM for FDC-P1). Adherent cells were trypsinized and combined with detached cells from the medium. All cells were spun, washed in PBS, incubated with 3 mg/ml His GFP-annexin-V and 5 mg/ml PI at room temperature for 15 min. Cells (2 Â 10 4 ) were subjected to FACS analysis using a FACS Calibur equipment from Becton Dickinson. The data were analyzed with the Cell-Quest program supplied by the manufacturer.
Phagocytosis assay
U937 monocytes were seeded on glass coverslips and differentiated into macrophages with 2 mM phorbol 12-myristate 13-acetate (PMA, Calbiochem) for 7-9 days. The coverslips were rigorously washed to remove all nonadherent cells and placed in 24-well plates with fresh medium in the absence of FCS. Apoptotic R6, JILY or FDC-P1 cells were stained with 10 mg/ml 5-(and 6-) carboxytetramethylrhodamine, succinimidyl ester (TAMRA; Molecular Probes) for 20 min, and trypsinized (for adherent cells). All cells (detached and adherent) were centrifuged at 700 rpm for 3 min, washed once with PBS and then resuspended in serum-free fresh medium. The apoptotic cells were placed on top of the differentiated U937 phagocytes at a ratio of 5 : 1 and incubated at 371C for 2 h. The coverslips were washed with PBS to remove all nonphagocytosed cells, fixed in 4% PFA in PIPES and incubated with mouse monoclonal anti-CD13 primary (BD Pharmingen) and FITC-conjugated goat antimouse secondary antibodies (Jackson Laboratories). For each experiment, we counted phagocytosed, apoptotic cells on 20 microscopic fields and determined the mean7S.D. from six independent experiments.
Statistical analysis
Normality test was performed for all data prior to statistical analysis. Differences in measured variables between the experimental conditions were assessed using a one-way analysis of variance on ranks followed by a nonparametric Student-Newman-Keuls post hoc test for multiple comparisons. Results were considered statistically significant at Po0.05. The tests were performed using the SigmaStat software package (Jandel Scientific, San Rafael, CA, USA).
